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INTRODUCTION 

The  efficiency  of  Naval  aircraft  can  be  iirproved  ty  increasing  the 
working  tenperature  of  the  gas  turbine  engine  and  ty  reducing  the 
cjverall  weight  of  the  aircraft.  Today's  nickel-based  siperalloys  cannot 
withstand  the  stoichioroetric  turn  temperature*  of  the  fuel  resulting  in 
a  less  efficient  bum  temperature.  However,  seme  monolithic  ceramics, 
such  as  AI2O3  and  Zr02,  can  withstand  these  ^rtxeme  temperatures 
without  severe  oxidation  or  degradation  in  mechanical  properties. 
Additionally,  the  density  of  ceramics  is  less  than  conventional  alloys. 
Monolithic  ceraitdcs,  however,  are  inherently  brittle  and  subsequently 
have  very  limited  use  in  turbine  engines.  To  overcome  this  problem, 
ceramic  matrix  composites  have  been  introduced  with  continuous  fibers. 
The  addition  of  the  fibers  increases  the  material’s  tcH#iness  so  that 
brittle  (catastrcphic)  failures  can  be  avoided.  It  has  been  preposed  to 
incorporate  ceramic  matrix  composites  into  turbine  engines,  tut  limited 
information  is  available  on  the  effects  of  the  environment  on  these 
materials. 

The  environment  that  Navy  aircraft  conpcaients  are  e>posed  to  is 
very  hostile.  Salts,  such  as  Na2S04,  tend  to  dposit  on  the  engine 
exponents  and  hot  corrosion  can  occur.  Hot  corrosion  is  a  chemically 
driven  process  that  degrades  and  removes  material  from  the  substrate. 
This  corrosion  process  takes  place  in  the  temperature  range  between  the 
melting  point  of  the  salt  and  its  dew  point.  The  melting  temperature  of 
sodium  sulfate  is  884°C,  and  the  dew  point  is  a  function  of  pressure. 

The  pressure  experienced  in  gas  turbine  engines  may  vary  from  5  to  20 
atmospheres^  and  an  increase  in  pressure  raises  the  dew  point 
temperature.  Therefore,  hot  oorrosicMi  can  occur  at  temperatures  as  hi^ 
as  1200°C,  vhich  would  be  above  its  dew  point  at  1  atmosphere  pressure. 

Continuous  Nicalon  fiber-reinforced  calcium  alumdnosilicate 
(SiC/CAS)  and  lithium  aluminosilicate  (SiC/IAS)  are  two  glass-ceramic 
exmposites  that  ^ow  premise  for  turbine  engine  applicaticais.  They 
exhibit  hi^  temperature  oxcidation  resistance  with  a  modest  decrease  in 

*  Stoichiometric  bum  temperature  is  a  complex  function  pressure,  fuel 
to  air  ratio,  and  fuel  type. 
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mecihanical  properties^ '  ^ .  Hcwever,  the  hot  corrosion  behavior  of  these 

glass-c3erainic  matrix  oonposites  is  not  well  understood.  It  is 

iitperative  to  understand  the  interactions  between  the  engine  environment 

and  the  ceramic  cosmposites.  This  type  of  information  will  enable 

glass-ceramic  coiposites  to  be  designed  so  that  they  can  be  utilized  in  * 

Navy  gas  turbine  engines.  This  r^xDrt  presents  the  results  of  a 

microstructural  stu(^  to  investigate  the  hot  corrosion  resistance  of 

these  two  gleiss-ceramic  matrix  conposites.  The  companion  r^)ort,''Hot 

Corrosion  of  Nicalon  Fiber  Reinforced  Glass-Ceramic  Matrix  Composites: 

Meohanical  Properties”,  will  address  the  effects  of  hot  corrosion  on  the 
mechanical  prcperties  of  these  composites. 

EXPERIMENTAL  PROCEDURES 


MATERIAL 

Both  composites  studied  (SiC/CAS,  SiC/IAS)  consisted  of  8  plies  of 
continuous  unidirectional  Nicalon  SiC  fibers  with  volume  fraction  of 
fibers  of  38%  for  CAS  ard  40%  for  LAS.  The  CAS  and  LAS  composites 
were  received  frcrni  Coming  Inc.  and  United  Technologies  Research  Center 
(UTRC)  respectively.  The  LAS  system  is  reinforced  with  low  ojg^en 
Nicalon  fibers  in  a  urRC200  matrix.  The  UIRC200  matrix  has  B2O3 
incorporated  with  the  IAS  base  glass  and  reacts  with  the  fiber  during 
consolidation  to  form  a  boron/carbon  interface.  The  addition  of  boron 
at  the  interface  is  intended  to  help  reduce  oxidation  of  the  SiC  fibers 
by  pl\jgging  the  ojq^en  diffusion  path  during  matrix  cracilcing.  However, 
the  boron  additions  tend  to  lower  the  maximum  use  tenperature  of  the 
composite  to  930°C.  The  SiC/CAS  system  consists  of  a  CASH  matrix 
reinforced  with  the  standard  Nicalon  fiber  and  has  a  reported  maximum 
\ase  tenperature  of  1300°C  The  mechanical  prcperties  and  composition 
of  these  composites  are  listed  in  Table  I.  The  effects  of  hot  corrosion 
on  the  mechanical  prcperties  of  SiC/CAS  cxmposite  are  reported 
els0«here^. 
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TABLE  I 

MECHANICAL  ERDPEBTIES  AND  CHARACTERISTICS  OF 
SIC/CAS  AND  SIC/LAS  AND  SiC  FIBER 


SiC/CAS  II 

SiC/IAS 

Sic  . 

Nominal  Composition 

CaO  AI2O  2Si02 

Iil20  AI2O2  ^1-^2 

Sic 

Maximum  Use  Tenperature 

1300-1350 “C 

930°C 

1200®C 

Predominate  Crystal  Ihase 

Anorthite 

B-quartz/silica 
solid  solution 

B  Sic 

Density,  g/cm^ 

2.7 

2.5 

2.55 

Elastic  Modulus,  Msi 

18.0 

19.7 

28 

Ttensile  Strength,  Ksi 

73 

51 

430 

Failure  Strain  % 

0.7 

0.25 

1.5 

TESTS 


The  materials  were  cut  into  1cm  square  specimens  and  coated  with 
approximately  3.0  mg/cm^  of  sodium  sulfate  with  the  aid  of  an  air  bru^. 
This  coating  thickness  is  equivalent  to  the  es^iected  coating  on  a 
turbine  engine  component  after  500  hours  at  900°C  with  a  sulfur  fuel 
iirpuril^  level  of  0.05%  Specimens  were  weired  and  then  placed  into 
a  fuimaoe  at  900®C  (15®/min  raitp  at  1  atm)  for  10-,  and  100-  hour 
e>?»sures.  Upon  removal  from  the  furnace,  the  specimens  were  weighed 
and  an  X-ray  diffraction  scan  was  performed  to  identify  the  surface 
phases.  Optical  and  scanning  electron  microscopes  were  also  utilized  to 
stut^  the  surface  of  the  composites.  For  comparison  purposes,  a  set  of 
^jecimens  were  exposed  at  900»C  for  100  hrs.  without  a  salt  coating. 

The  specimens  were  cut  perpendicularly  to  the  fiber  axis  to 
determine  the  dqpth  of  penetration  of  the  secondary  phases  that  formed 
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and  to  determine  if  fiber  damaged  had  ocxwrred.  X-ray  images  frcan  a 
scanning  electron  microsccpe  were  utilized  to  help  establish  the 
chemistry  of  the  phases  present. 

An  additional  set  of  specimens  were  subjected  to  a  molten  crucible 
test  for  1  and  10  hours  at  900°C  and  the  saone  analytical  analysis,  as 
mentioned  above,  was  performed  to  help  determine  degradation  mechanisms. 
The  specimens  in  this  groc^)  were  ooitpletely  immersed  in  the  molten  salt 
during  the  entire  eigxDsure.  Ihe  specimens  and  environmental  e>gx)sures 
is  given  in  Table  II.  All  of  the  ^)ecimens  were  e^gxised  to  900°C  for 
varying  lengths  of  time. 


TABLE  II 

SUMMARY  OF  SPECIMENS  AND  EXPOSURE  CCNDITimS 

SALT 


MATKEX 

REINPORCEMENT 

EXPOSURE 

TIME  OF  EXPOSURE 

CAS 

Sic 

Film 

1 

CAS 

Sic 

Film 

10 

CAS 

Sic 

Film 

100 

CAS 

Sic 

None 

100 

CAS 

None 

Film 

100 

CAS 

Sic 

None 

100 

CAS 

Sic 

Crucible 

1 

CAS 

Sic 

Crucible 

10 

LAS 

Sic 

Film 

1 

LAS 

Sic 

Film 

10 

LAS 

Sic 

Film 

100 

LAS 

Sic 

None 

100 

LAS 

Sic 

Crucible 

1 

LAS 

Sic 

Crucible 

10 
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RESULTS  AND  DISCUSSION 


SiC/CAS 

A  micxograph  of  the  as-received  SiC/CAS  oonposite  is  presented  in 
Figure  la.  It  can  be  seen  that  the  silicon  carbide  fibers  are  ei^josed 
on  the  specinen's  surface.  After  a  1-hour  heat  treatment  at  goo^C,  a 
reaction  took  place  at  the  exposed  fibers,  as  seen  in  Figure  lb. 

Analysis  of  the  X-ray  profiles  presented  in  Figure  2,  indicates  the 
presence  of  two  new  phases:  calcium  silicate  (CaSi03)  and  sodium 
aliMinum  silicate  (NaAlSiO^) .  This  was  further  verified  ty  X-ray  image 
analyses  of  the  surface  and  of  the  cross  section  as  seen  in  Figures  3 
and  4.  Ihe  calcium  rich  jhase  is  deleted  of  sodium  and  aluminum  vhile 
the  other  phase  is  rich  in  Al  and  Na.  Therefore,  a  possible  reaction 
sequence  is  as  follows: 

Initially  fibers  ejqjosed  to  the  surface  are  oxidized: 

Sic  +  3/2  ©2  =  SiOj  +  CO 

Sodium  sulfate  forms  sodium  oxide  by  the  following  reaction  at  elevated 
tenperatures: 

Na2S04  =  NajO  +  SO3  =  NagO  +  SOj  +  1/2  O2 

Finally,  the  residual  silica  in  the  matrix  in  conj\anction  with  the 
silica  from  the  fiber  oxidation,  reacts  with  the  salt  and  matrix: 

Na2S04  +  CaAl2Si203  +  Si02  =  2NaAlSiO^  +  CaSi03  +  SO3 
Gas  evolution,  which  may  be  SO3  SO2  ©3  or  00,  forms  bubbles  in  the  newly 
formed  phases  Figures  lb  and  5. 

The  X-ray  diffraction  patterns  of  samples  tested  for  1—,  10—,  and 
100-  hours  are  similar  and  indicate  that  the  same  reaction  products  have 
formed.  The  specimen  ejposed  for  1  hour  had  the  same  phases  present  as 
the  lorger  exposures  (10  and  100  hr.)  but  the  relative  intensities  of 
the  peaks  were  not  the  same.  This  indicates  that  phases  formed  during 
hot  corrosicai  contiirue  to  form  and  crystallize  with  time  producing  a 
narrow  hi^  amplitude  peak.  The  surface  morphology  can  be  seen  in  a 
scanning  electron  micrograph.  Figure  5.  The  newly  formed  phases,  from 
the  exposure,  are  very  brittle  and  numerous  craciks  have  formed  on  the 
surface.  Figures  5  and  6.  Examinaticai  of  the  cross-sections  of  the  100- 
hour-ejposed  sp)ecimens  revealed  that  the  matrix  material  has  been 
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attacked  by  the  molten  salt.  Ohe  elemental  profile  obtained  from  an 
energy  dispersive  spectrometer  indicates  that  the  fibers  e^^xDsed  on  the 
surface  of  this  specimen  are  severely  attacked,  Figure  4.  Ihe  sulfur 
map  did  not  indicate  a  gradient  near  the  surface.  This  indicates  that 
residual  sodivim  sulfate  was  not  present. 

The  X-ray  diffracticxi  data  obtained  from  the  noncoated  specimen 
(e}g)osed  for  100  hours  at  900 ®C)  indicated  that  no  new  surface  phases 
formed  during  the  heat  treatment.  This  can  also  be  seen  from  the  X-ray 
map  of  the  cross-secticai  of  this  specimen.  Figure  7.  The  surface 
morjAiology  of  the  uncoated  specimens  was  similar  to  the  as-received 
specimen  exc^t  for  the  degradation  of  the  reinforcing  SiC  fibers  that 
were  initially  ei^osed  to  the  surface. 

In  summary,  the  SiC/CAS  coitposite  exhibited  little  surface 
deterioration  in  a  salt-free  envircHiment  vp  to  900®C.  Hcwever,  the 
salt  coated  (Na2S04)  specimens  behaved  differently.  As  mentioned  above, 
two  new  crystalline  phases  were  formed  on  the  composite  surface  due  to 
salt  attack.  Also  it  c^pears  that  the  silica  that  normally  protects  the 
silicon  carbide  fibers  from  further  oxidation  reacts  with  the  salt  and 
takes  part  in  the  decomposition  of  the  matrix  by  the  preposed  equation 
above.  This  results  in  the  complete  degradation  of  the  fibers  at  the 
specimen's  surface.  This  finding  agrees  with  the  work  of  Tressler  et 
al^  and  of  Henager  et  al®,  in  that  SiC  is  very  suso^tible  to  molten 
salt(Na2S04)  attaok. 

A  molten  crucible  test  was  performed  on  the  composite  (SiC/CAS) . 
This  is  a  severe  hot  corrosion  test  that  has  been  used  in  the  past  to 
evaluate  turbine  engine  conoponents.  It  should  be  noted  that  since  the 
specimen  is  completely  immersed  in  molten  salt,  the  partial  pressures  of 
the  ocaistituents,  most  notably  o>Q^en  and  SO3,  are  different  vhen 
compared  to  the  seilt  coated  hot  corrosion  ipecimens  mentioned  above. 
Therefore,  it  is  ejpected  that  the  therrooc^mamics  and  kinetics  of  the 
reacticais  change,  and  subsequently  different  reactions  may  occur. 

Sodium  aluminosilicate  (NaAlSiO^)  was  detected  can  the  10-hr.  specimen, 
but  calcium  silicate  did  not  form.  The  surface  of  the  specimen  was  more 
severely  attacked  vhen  compared  to  the  coated  ^)eciroens  Figure  8.  This 
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agrees  with  the  work  perforroed  by  D.W.  McKee  et  al.®  on  hot  corrosion  of 
sintered  SiC,  in  that  at  very  low  partial  pressure  of  03,  the  SiC 
corroded  very  rapidly  because  the  protective  Si02  layer  fluxed  into  the 
melt.  Ihis  shows  the  iirportance  of  the  selection  of  the  test  method. 

In  other  worx3s,  it  is  iirperative  to  simulate  the  engine  environment  as 
closely  as  possible.  Bianco  et  al.^*^  conpleted  similar  work  with  the 
hot  corrosion  of  oordierite.  Ih^,  however  performed  burner  rig  test 
and  determined  that  a  good  correlaticai  exists  between  burner  rig  tests 
and  thin  coating  furnace  test.  Therefore,  it  is  not  recoraraended  to  use 
crucible  tests  for  hot  corrosion  testing. 

The  matrix  material  (CASH) ,  without  the  SiC  fiber  reinforcement, 
was  also  exposed  at  900®C  for  100  hours  with  and  without  a  salt  d^xDsit. 
The  purr<^  of  this  stucty  was  to  determine  the  influence  of  the  SiC 
fibers  on  the  hot  corrosion  process  of  the  composite.  The  exposure  at 
900 °C  for  lOOhr.  did  not  change  the  surface  chemistry  of  the  CASH 
material.  However,  the  salt  coated  specimen  (SOO^C/lOOhr)  produced 
NaAlSiO^  and  possibly  (Na  gCa  1)2804.  This  indicates  that  the  surface 
chemistry  of  the  composite  is  influenced  by  the  presence  of  the  SiC 
fibers  during  hot  corrosion. 


8iC/LAS 


A  comparison  study  between  an  uncoated  and  salt  coated  ^jecimen 
was  also  undertaken  with  the  IAS  system  at  900°C  for  100  hours.  The 
surface  morphologies  of  these  specimens  after  ejposure  were  similar.  The 
10”,  and  lOO-hour-ejposed  specimens,  it  spears  that  an  amorphous 
phase,  possibly  boron  oxide,  leached  fromi  the  matrix.  Figure  9.  The 
initiation  site  of  the  reaction  appears  to  be  localized  at  the  exposed 
fibers.  It  is  postulated  that  the  fiber  irdtially  oxidizes  and  forms 
Si02  and  additionally,  the  Boron  reacts  to  form  B2O3  on  the  surface  of 
the  specimen. 


The  addition  of  sodium  sulfate  did  not  promote  formation  of 
additicHial  phcises.  This  was  determined  by  ccmparing  the  two  specimens 
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with  a  100-hour  heat  treatment  (cxated  and  uncoated  specimens) .  Ihe  X- 
ray  diffraction  profiles  of  these  two  specimens  were  similar.  The 
surfaces  of  the  e>^)osed  specimens  are  shewn  in  figures  9a  and  9b.  Note 
that  the  surfaces  are  very  porous  and  numerous  craeiks  are  observed.  X- 
ray  maps  of  the  cross-sections  of  these  specimens  indicate  that  Na 
diffused  into  the  matrix  frean  the  ejqx)sed  surface,  and  Mg  vdiich  is  a 
constituent  of  the  matrix,  diffused  to  the  surface.  Figure  10.  Ihe 
rich  fhase  may  possibly  be  Mg2Si04,  but  has  not  been  detected  with  X-ray 
diffraction  techniques. 


This  Sic/IAS  coitposite  system  behaved  differently  v^en  it  was 
ejqxjsed  to  a  molten  crucible  test.  Ihe  ccatposite  was  severely  attached, 
in  that  the  specimen  dissolved  in  the  salt  (Na2S04)  after  10  hours  at 
900°C.  After  a  one  hour  exposure,  in  the  crucible  test,  the  specimen 
was  intact,  but  the  surface  was  severely  attacked,  figure  11. 

Therefore,  it  has  been  shown  that  thin  film  hot  corrosion  results  differ 
frean  crucible  test  results  of  the  same  material.  It  hais  been  suggested 
by  N.S.  Jacobson  et  al.^^,  that  oxygen  potential  at  the  melt/ specimen 
interface  of  a  crucible  test  may  be  vinrealistically  lew.  This  in  turn 
alters  the  kinetics  of  the  system  and  does  not  simulate  vhat  may  be 
eJ5)ected  in  a  turbine  environment. 


CONCLUSIONS 


From  the  results  of  this  stuefy,  the  following  observations  are  made. 


Sic/ CAS 

1  The  calcium  alviminosilicate  matrix  is  damaged  by  molten 
sodium  sulfate. 

2  The  dissolution  of  the  matrix  initiates  at  the  exposed 
fibers  and  forms  CaSiO^  and  NaAlSi03. 
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sic /LAS 

1  Uie  deposition  of  a  thin  layer  of  molten  sodium  sulfate 
apparently  has  very  little  effect  on  the  surface  morphology  or 
cxmposition  after  esposure  at  900°C. 

2  The  composite  is  severely  attacked  vdien  immersed  in  molten 
Sodium  Sulfate  for  more  than  10  hours  at  900 °C 

3  A  brittle  phase  forms  on  the  surface  of  the  specimen  vhich 
initiates  at  the  exposed  fibers. 


FUTURE  WORK 

None  of  the  specimens  studied,  excluding  the  molten  crucible 
specimens,  had  any  detectable  residual  sodium  sulfate  present  after  the 
heat  treatment.  This  indicates  that  all  of  the  sodium  sulfate  may  have 
reacted  within  the  first  hour  of  testing.  Further  investigation  in  this 
area  is  needed  and  may  entail  recoating  the  specimens  with  salt  during 
the  test.  This  would  more  closely  simulate  the  conditions  experienced 
in  turbine  engines.  Burner  rig  tests  will  also  be  performed  on  these 
glass-ceramic  ccarposite  systems. 
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Figure  l)  (A)  As  received  SiC/CAS  cottposite.  Note  the  exposed 
fibers  on  specimen  surface.  (B)  Same  as  (A)  after  Ihr.  ej^xDsure  at 
900®C  with  Na2S04  coating. 


A 


Figure  2)  X-ray  diffraction  pattern  of  SiC/CAS  ccstnposite. 
Exposures  were  at  and  100-hours  at  900°C  with  Na^SO^ 
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Figure  4)  Elemental  map  taken  of  the  cross-section  of  the  SiC/C3^ 
composite  vhich  was  exposed  to  a  salt  coating  at  900°C  for  lOO  hrs. 
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Figure  5)  SEM  image  of  SiC/CAS  oorrposite  vAuch  was  salt  coated  and 
eixposed  for  10  hr.  at  900°C.  Note  the  surface  cracks  and  pores. 


3 


NAWCADWAR-93033-60 


Figure  7)  Elemental  map  taken  of  the  cross-section  of  the  SiC/CAS 
conposite  vhich  was  exposed  at  900  °C  for  100  hrs.  Note  that  a 
reaction  zone  as  seen  in  figure  4  is  not  present. 


exposed  to  a  molten  crucible  test  for  Ihr  at  900 °C.  Note  the 
severity  of  surface  attack,  and  the  formation  of  an  amorphous 
phase. 
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Figure  10)  X— ray  map  of  caross— section  of  SiC/LAS  composite  that 
was  exposed  at  900°C  for  100  hours  with  a  salt  coating. 
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Figure  11)  Surface  of  SiC/LAS  conposite  that  was  exposed  in  a 
molten  crucible  test  for  1  hour. 
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